Abstract Summary: A novel method based on voxel-based morphometry was proposed to investigate the average volumetric bone mineral density (vBMD) of femoral head nail tract in patients treated with intramedullary nailsdproximal femoral nail antirotation (PFNA) and gamma nail (GN). The results showed that there was no significant difference in average vBMD between the two groups. Background: For unstable intertrochanteric fractures, poor bone quality might be one of the most important causes of cut-out complications in the femoral head during surgical treatment. Bone quality is generally regarded as an equivalent of BMD. Thus, we develop a novel voxel-based morphometryebased method to quantify vBMD of the femoral head nail tract. Methods: Automatic calculation of average vBMD of nail tracts requires three main steps. First, we built a standard nail tract in a proximal femur template. Then, we mapped the proximal femur structure of each patient to the template by B-spline and Demons registration so that the anatomical positions of the proximal femur of all patients spatially corresponded to the standard template. Finally, we calculated and visualized the average vBMD
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Introduction
With ageing, the prevalence and incidence of osteoporotic hip fractures increase significantly [1] . Intertrochanteric fracture, a major anatomy-based type of hip fracture, has a relatively high mortality [2, 3] . Early surgical treatment is the preferred choice because it might allow early full weight-bearing and rehabilitation. However, the major implant failure in the fixation of intertrochanteric treatment is cut-out defined as "the collapse of the neck-shaft angle into varus, leading to extrusion of the screw from the femoral head", with the incidence of 3e15% [4] . Most hip fracture treatment studies mainly focused on surgical methods and types of intramedullary nails to minimize the risk of failure [2, 5] . Intramedullary nails were widely used in the treatment of intertrochanteric fractures, and there are two main types: the proximal femoral nail antirotation (PFNA; DePuy Synthes, Raynham, MA, USA) and the gamma nail (GN; Stryker, Kalamazoo, MI, USA) [5, 6] . The lag screw of the GN can exert more compression at the fracture site, which requires good femoral head bone quality to provide sufficient grip force. In comparison, inserting the PFNA blade compacts the cancellous bone, providing additional anchoring, which is more suitable for osteoporotic patients with severe bone loss of the femoral head. Except the insertion of suitable implants, poor bone quality might be one of the important causes of cut-out complications [7] . In the implant literature, bone quality is generally considered to be an equivalent of bone mineral density (BMD) [8] . BMD measurements of the nail tract might have promise as a reference index to be used by treating surgeons.
Dual X-ray absorptiometry (DXA) is widely used for the measurement of BMD [9] , but it is limited by its twodimensional methodology. Quantitative computed tomography (QCT) can measure volumetric bone mineral density (vBMD) derived from three-dimensional imaging [10, 11] . Since 2009, methods such as voxel-based morphometry (VBM) for the spatial assessment of vBMD from QCT images have been validated and successfully applied in hip fracture studies. VBM is a computational technique that has been used to analyze statistical differences between groups of magnetic resonance brain images. Compared with the conventional region of interest analysis, VBM is fully automated and unbiased and is not restricted to the analysis of specific regions. Therefore, VBM has been widely used in hip fracture studies in recent years [12e17] . However, these methods cannot measure the BMD of the femoral head nail tract. Thus, there is little known about the relationship of BMD to the selection of intramedullary nail type. If a standard method for measuring the BMD distribution of the nail tract using QCT can be developed, it may be possible to identify what type of nail is best for specific patients.
The purpose of our study was to: (1) develop a novel VBM-based method to estimate and display the vBMD of the femoral head nail tract; (2) validate the intraoperator and interscan reliability of this method for measuring vBMD distribution of the femoral head nail tract; and (3) compare the differences in vBMD of the femoral head nail tract between the PFNA and GN.
Materials and methods

Patients
Seventy-five patients (52 women and 23 men) with hip fractures (49 patients with intertrochanteric fractures and 26 with femoral neck fractures) were enrolled from the radiology department within the emergency department of Beijing Jishuitan Hospital at some point between January 2015 and December 2016. The enrolment process for our study was as described by Yu et al [17] . For patients with hip fracture, all the cases were acute trauma, and the contralateral proximal femur was analyzed. Because of concerns about radiation dose, we did not require patients to have two computed tomography (CT) scans to assess interscan precision; however, patients with a femoral neck fracture who needed cannulated screw fixation were recruited for interscan cases because they had two hip CT scans, once before and once after surgery. Those patients underwent a second scan to confirm implant position. The study inclusion criteria also specified that implant fixation artifacts would not affect the quality of images of the contralateral hip ( Figure 1 ) and that the two hip scans had to be obtained within 72 h interval to minimize changes in BMD caused by hip fractures [18] . Finally, the preoperative and postoperative CT scans of 26 patients were used for the assessment of interscan precision. For the intraoperator group, 29 patients were randomly selected from the 75 cases to meet conservative recommendations (>27 degrees of freedom) for estimation of reproducibility error [19] . The preoperative CT scans of 49 patients with low-energy intertrochanteric fractures (33 with GNs and 16 with PFNAs) were used to compare the nail tract BMD of two different types of intramedullary nails. The choice of PFNA or GN in unstable intertrochanteric fractures is based on the experience of a surgeon. Proof of informed consent was obtained from all study participants. Study protocol was approved by the Ethics Committee of Beijing Jishuitan Hospital, and all methods were performed in accordance with approved guidelines.
Image acquisition
Bilateral hip QCT data were obtained using a Toshiba Aquilion 16-slice CT scanner (Toshiba Medical Systems Corporation, Tokyo, Japan) in the emergency department with a calibration phantom (Mindways Software Inc., Austin, TX, USA) beneath the hip. With the software available on the CT scanner console, a calibration phantom in a QCT procedure is experimentally used to obtain a calibration curve in which the Hounsfield units (HUs) are converted to corresponding BMD values. The following CT acquisition parameters were used: 120 kVp, 125 mA, 1-mm slice thickness, 50-cm field of view and a matrix size of 512 Â 512 pixels in spiral and standard reconstructions.
BMD assessment
Before BMD calculation, the QCT data had to be preprocessed so that we could extract the proximal femoral structure. The segmentation of contralateral proximal femur structures in a patient with a hip fracture was created using Seg3D software (Center for Integrative Biomedical Computing, University of Utah, Salt Lake City, UT, USA) from QCT image data. To calculate BMD values, we acquired scans with a QCT calibration phantom. In our study, the BMD conversion formula was obtained in two steps. First, 20 samples were scanned using QCT to obtain CT images, and the HU values corresponding to K 2 HPO 4 with known density in the model were extrapolated from the image of the calibration phantom. Second, the least squares curve was used to obtain the correlation between the known mineral density and the corresponding HU value of each slice [20] . Using this method, a linear transformation formula that can convert the HU value to BMD in milligrammes per cubic centimetre was obtained by sample data from 20 patients. The formula is as follows:
where H B is the bone tissue CT value and a and b represent the slope and intercept of the equation, respectively.
Automatically calculating the vBMD of the nail tract
A cylinder was used to simulate a nail tract in the proximal femur template. To analyze the bone density distribution around the nail tract, we divided the cylinder into three equal parts to obtain the average vBMD. The construction of the nail tract required three main steps: (1) creating a standard nail tract; (2) mapping the space to a standard template; and (3) automatically calculating the average vBMD of the nail tract.
Step 1: creating a standard nail tract A standard template was chosen by an experienced surgeon in selecting a standard proximal image of the femur. Empirically, two fixed points were manually selected on the template to generate a 3D cylinder to simulate a nail tract in the femoral head. The standard nail tract was constructed as follows: First, we built a cylinder with two fixed points at the circle's centre and with radius of 10 mm; this was based on clinical experience. Second, we determined the length of the cylinder by calculating the distance between the two fixed points. Third, we divided the cylinder into 375 units, with every 125 units composing one part from bottom to top, for a total of three parts, represented by S1, S2 and S3. And, the average vBMD of whole nail tract is represented by S4. The average vBMD of each unit was acquired by calculating the mean of all vBMD values included, and the average vBMD of every part was determined by averaging the 125 units included. Illustration of the process of calculating the average vBMD of the nail tract. All data are preprocessed, and the proximal femoral structure is segmented from the QCT image. Two fixed points are selected in the template to build a standard nail tract, and the registration algorithm is used to match the patient's femoral structure to the template's femoral structure. The BMD distribution of the registration image was computed by combining Steps 1 and 2 (see the text for an explanation) and then displaying the average vBMD of the nail tract in the three-dimensional space. BMD Z bone mineral density; QCT Z quantitative computed tomography; vBMD Z volumetric bone mineral density.
Step 2: mapping the space to a standard template To determine the proper nail tract for each patient in relation to the standard nail tract in the template, we adopted a two-tier registration method.
In the first tier, a rigid registration was adopted to correct rotation and translation, and then a deformable registration with the free-form B-spline deformation model was implemented to correct heterogeneous deformation [21] . To avoid the distortion of underlying topology caused by the folding of images, we imposed a sufficient condition on the displacements of B-spline control nodes [22] , and the L-BFGS-B optimization method was used to minimize the negative of mutual information, which was the objective function [23] . The first-tier registration procedure was implemented using the Insight Segmentation and Registration Toolkit (Kitware, Inc., Clifton Park, NY, USA; https://itk.org/).
In the second tier, we used a tool to further refine the registration results: a diffeomorphic deformable registration algorithm called Advanced Normalization Tools (ANTs; http://stnava.github.io/ANTs/), which is a state-of-the-art deformable registration technique [24] .
Step 3: automatically calculating the average vBMD After a patient was registered to the template, we mapped the patient's proximal femur structure to the template. Therefore, we obtained the position of the patient's nail tract as it corresponded to the standard nail tract in the template. The average vBMD of the patient's nail tract could be obtained by using the standard nail tract. We implemented the method using MATLAB (version 2014a; MathWorks, Natick, MA, USA) and used volume rendering to display the results.
Through these steps, the average vBMD of the nail tract for each patient can be determined (Figure 2 ).
Statistical analysis
According to the recommendations of the International Society for Clinical Densitometry, the feasibility and reproducibility of the method were evaluated by using the coefficient of variations (CV) of the root mean square of the standard deviation (RMSSD) (CV-RMSSD) [19] . We used the intraoperator group and interscan group for testing. For the intraoperator test, an experienced surgeon manually selected two fixed points on the same sample at two different times and used Step 1 of the method for automatically calculating the average vBMD of the patient's nail tract. For the interscan test, we scanned each patient two times, obtaining two scanned samples, and then we performed the automatic calculation method to determine the average vBMD of the patient's nail tract. The patient's age, height and weight were not considered in the calculation of means, standard deviations, RMSSDs or CV-RMSSDs. In addition, we used this method to analyze the difference between two types of nails, the PFNA and GN. We used the ManneWhitney U test to compare the average vBMDs for the GN and PFNA tracts. SPSS Statistics software (version 22; IBM, New York, USA) were used for statistical analysis. We used a significance level of 0.05 for all tests. BMD Z bone mineral density; CV Z coefficient of variation; RMSSD Z root mean square of the SD; SD Z standard deviation. Data represent the mean AE SD. Figure 3 The spatial distribution of average vBMD. The cylinder is used to represent a nail tract. Its resolution is 375 units, and S1, S2 and S3 represent the 3 equal parts of the tract. S4 represents the whole nail tract. To highlight changes in BMD, the colour bar was used to represent the average vBMD for each part; the value is displayed numerically at its corresponding position. BMD Z bone mineral density; vBMD Z volumetric bone mineral density.
Results
The characteristics of study participants are shown in Table  1 . Table 2 shows findings for the intraoperator and interscan groups. For the intraoperator group, the CV-RMSSD ranged from 1.0% to 2.0%, whereas it ranged from 3.6% to 4.5% for the interscan group. The BMD spatial distribution for the nail tract in the contralateral proximal femur is shown in Figure 3 , in which pseudocolours represent changes in average vBMD. All data were compared with data for the contralateral proximal femur. We applied our proposed method to analyze the GN and PFNA, which are used in surgical treatment of fractures (Table 3 ). The p value range for the two groups was 0.685e0.915 (p > 0.05). The average vBMD for all patients are shown in Figure 4 .
Discussion
Bone quality cannot be evaluated directly in vivo; thus, BMD is recognized as a surrogate of bone quality and is highly correlated to bone strength [25, 26] . In this study, we successfully established a reliable method in evaluating the BMD of the intramedullary nail tract, and we applied our proposed method to analyze the difference between the PFNA and GN and found no significant difference in average vBMD between the two groups.
Although some studies have indicated that bone quality might be essential for the reconstruction of trochanteric fractures [6,27e29] , there has been no accurate and specific measurement tool. Neither DXA nor QCT is an ideal assessment tool. DXA is a two-dimensional technique, and the imaging problem of overlapping femoral head makes bone assessments of such region impossible [30] . Although QCT can provide BMD of trabecular bone of the femoral head, which was not influenced by the bone overlapping around the femoral head, the precision of QCT measurement on femoral head is not good [29] . Previous studies investigated some indirect bone density assessments to examine the relationship of bone density and cut-out failure [31] . For example, Richards et a1 [32] determine the bone density by establishing the compression strength of a plug of bone removed from the femoral neck, and Smith et a1 [33] used the Singh index and a regional BMD computed tomographic protocol to establish bone density. The method we proposed could set up nail tract and estimate the spatial BMD of the femoral head's nail tract. It is documented that a CV-RMSSD Figure 4 Vertical scatter plots of average vBMD for regions S1 through S4 for the proximal femoral nail antirotation (PFNA) and gamma nail (GN) groups. AeD show the average vBMD distribution of PFNA and GN in S1, S2, S3 and S4 region, respectively. BMD Z bone mineral density; vBMD Z volumetric bone mineral density.
lower than 10% indicated good reproducibility [34] . Our findings demonstrate the high reproducibility of measurements using the BMD estimation tool with CV-RMSSD lower than 5%. Hence, the results of our study are acceptable and reliable. Several studies indicated that PFNA might be a better device for intertrochanteric fracture, resulting in less blood loss and a lower rate of fixation failure in comparison with the GN [6, 35, 36] . PFNA is suitable for patients with low bone density in the femoral head, whereas GN is suitable for patients with high bone density in the femoral head. However, the helical blade of the PFNA means less contact surface with the cancellous bone in the axial direction, which means that the nail would be more prone to cut out. A biomechanical study found an axial contact surface of 75 mm 2 for the PFNA blade and 300 mm 2 for the GN [37] . Cutout is the most common cause of fixation failure with implants. The position of the lag screw within the femoral head is also an important factor in the success or failure of the implant. Our results showed that there are no significant differences in average vBMD distribution between GN group and PFNA groups, which may indicate that the selection of intramedullary nails on the surgeon's experience was biased. In future, assessing nail-tract BMD by our method before surgery may help surgeons to select the appropriate intramedullary nails for specific patients with different nail-tract BMD. However, this hypothesis needs further investigation.
Our study had several limitations. First, we choose 10 mm as the radius of the cylinder after surgeons for their recommendations. However, we found that different radius sizes led to differing average BMD values and that choosing the radius size to better assess the average vBMD of nail tract is worthy of further study. Second, the relationship between BMD and choice of head screw for intramedullary nail fixation remains to be elucidated, so further in vitro research is necessary. And also, our study did not examine parameters of crucial importance for the prevention of fixation failure such as the configuration of the fracture, the degree of comminution, the accuracy of reduction and the possibility to insert the head screw at the preplanned position. A necessary next step is to validate it in an appropriately designer clinical trial to provide a useful and practice-changing tool to surgeons for the preoperative planning and fixation of hip fractures.
To our knowledge, we are the first to develop a method for measuring the spatial average vBMD of nail tracts, but our preliminary findings must be validated in clinical practice research. Additional prospective studies using the proposed method to make treatment planning and evaluate the treatment outcome are necessary before the technique can become a common part of clinical practice. Nevertheless, the proposed method has good potentials to provide a reference index for surgeons to choose appropriate implants.
